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Development of the corpus callosum during normal growth
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Abstract

Aim: Corpus callosum is the main structure communicating between the two brain hemispheres. This study aimed to investigate the differences in the corpus
callosum'’s and cranium’s shape during growth and assess their potential clinical implications.

Material and Methods: Cranium and corpus callosum shape data were collected from two-dimensional digital images. Generalized Procrustes analysis was
used to obtain mean shapes between consecutive age groups. Shape deformation of the corpus callosum between successive age groups was evaluated using
the thin-plate spline method.

Results: There were significant age-based differences were in the corpus callosum and cranium shape. The most prominent deformation was seen in the
posterior midbody (a corpus callosum region), while the cranium deformation was observed in the biparietal area. There were significant differences in corpus
callosum shape between 1- and 2-year age groups. The diameter of the cranium increased up to the age of 4 years; however, this increase was not uniform,
especially in the biparietal areas.

Discussion: The skull’s growth and the corpus callosum’s development are not similar. The development of the corpus callosum may be a better indicator of
neural development than skull enlargement.
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Introduction

The corpus callosum is a thick bundle of nerve fibers that
divides the cerebral cortex lobes into left and right hemispheres
and provides connectivity between the right and left sides
of the brain. It contains approximately 200 million axons
symmetrically distributed to the frontal, parietal, temporal,
and occipital lobes [1]. The corpus callosum transfers motor,
sensory, and cognitive information between the hemispheres.
Many studies have investigated the relationship of the shape
of the corpus callosum with gender, race, hand dominance,
behaviors, diseases, and developmental abnormalities [2,3].
Morphometrics is a field concerned with the study of variations
and changes in the size and shape of organisms or their
structures. It can also be defined as the quantitative analysis
of a biological form [4,5]. Statistical shape analysis is a modern
geometric morphometric analysis method that uses the shape
of organs or organisms as input data. This entails analysis of
the changes in the shape of the biological structure of interest
by using anatomically significant points called landmarks. This
analysis can unravel the changes in the structure’s shape linked
to demographic factors, environmental factors, or disease. This
quantitative analysis also enables the interpretation of shape
differences and potential general or localized deformations
in the target structure or organ. Many recent health-related
studies have revealed that statistical shape analysis can
be used as a supportive analysis type alongside the existing
imaging techniques [6,7].

This study aimed to investigate the differences in the shape
of the corpus callosum and cranium during the growth period
in early childhood and to explore their potential clinical
implications.

Material and Methods

Patient Selection

This study was performed in line with the principles of the
Declaration of Helsinki. Approval was granted by the Ethics
Committee of Bursa Uludag University IRC (2019-21/17).

In this study, we retrospectively used midline sagittal magnetic
resonance images and axial cranial magnetic resonance
images passing through the level of the foramen of Monroe of
30 patients in the age group of 1-5 years. Previously reported
normal Magnetic resonance imaging (MRI) scans were obtained
fromthe archives of Bursa Uludag University. MRl was performed
in a 3.0-Tesla MRI Device (Achieva, Philips, Best, Netherlands).
Informed consent was obtained from the legal guardians of all
participants, and the university ethics committee approved this
retrospective study and the study protocol.

Obtaining 2D Landmarks

An expert radiologist selected the sagittal midsections that
most clearly displayed the cerebral aqueduct, corpus callosum,
and superior colliculus manually from the sagittal planes. The
anterior-posterior commissure line and the inter-hemispheric
fissure were identified and used to align the brain of all
subjects to a standard position. Statistical shape analysis was
performed to evaluate the corpus callosum shape using 16
homologous landmarks (Figure 1) used in previous studies [8].
We also implemented statistical shape analysis of the cranium
using homologous anatomical landmarks (Figure 1) used in a

previous study [3].

The descriptions of these landmarks are provided in Table 1.
Collection of Two-Dimensional Cranial Landmarks

The landmarks were chosen based on reliability, maximizing
anatomical coverage, and cranial morphological descriptions.
Corpus callosum and cranial data were collected from two-
dimensional digital images. Standard anatomic landmarks
were selected and marked on each digital image using the
tpsDig2software [Rohlf F: TpsDig, ver. 2.04. Department of
Ecology and Evolution, the State University of New York. Stony
Brook. 2005. ]. The landmark reliability was evaluated using the
intrarater reliability coefficient, calculated with a two-facet
crossed design (‘landmark pairs-by-rater-by-subject,’ | xr x s) [9].
The landmarks were marked for all images by an investigator.
For calculating the “G” reliability coefficient, 30 images were
randomly selected and marked. The same investigator marked
the same landmarks on these images two weeks after the first
marks. The G coefficient calculated showed strong repeatability
(G = 0.9768). Landmark reliability calculations were performed
from the following link: http://biostat.home.uludag.edu.tr/
landmark_reliability/G_coefficient.html

Geometric Morphometric Analysis

Differences in the shape of the corpus callosum and cranium
between consecutive age groups were assessed by performing
a Generalized Procrustes analysis. Box’s M procedure was
used to test the equality of variance-covariance matrixes. If
the variance-covariance matrixes were unequal (p<0.05), the
James FJ test based on a resampling procedure was performed;
otherwise, the Hotelling T2 test based on a resampling
procedure was considered [1]. Procrustes’ mean shapes were
calculated for thin-plate spline (TPS) analysis, derived from a
mathematical model used in computer graphics and applied to
morphometrics by Bookstein [10]. The primary purpose of TPS is
to compare two different shapes by deforming one mean shape
to the other. The points exhibiting the greatest enlargements or
reductions, labeled as deformations, were established through
the TPS analysis [11].

Ethical Approval

Ethics Committee approval for the study was obtained.

Results

There was no significant difference between age groups
concerning gender distribution (p=0.518). The average corpus
callosum shapes of the various age groups are shown in Figure
2.

In the analyzes performed between consecutive age groups,
there were significant differences in the corpus callosum shapes
between children in the 1-year-old and 2-year-old groups
(p=0.040). However, there were no significant differences in this
respect between the two-year-old and three-year-old groups,
between three-year-old and four-year-old groups, and between
four-year-old and five-year-old groups (p=0.129, p=0.862, and
p=0.391, respectively). TPS analysis was also performed using
mean corpus callosum shapes of one-year-old and two-year-old
groups obtained from the Procrustes analysis. The TPS graphic
shows the high level of deformations in corpus callosum shapes
from one year to two years (Figure 2). The most significant
deformation was observed between the age of 1 to 2 years,
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Figure 1. A) T1-weighted mid-sagittal slice demonstrating
the corpus callosum landmarks; B) Landmark markings on the
cranium.

Figure 2. A) Procrustes’ mean shapes for the corpus
callosum images in various age groups; B) A thin-plate spline
demonstrating the mean corpus callosum shape deformation
from the age of 1 to 2 years. The expansion factors at the
landmarks are shown with colors. C) Procrustes mean shapes
for the cranium images of age-groups.

Figure 3. A) A thin-plate spline demonstrating the mean cranium
shape deformation from 1 to 2 years old. The expansion factors
on the landmarks are shown with colors; B) A thin-plate spline
demonstrating the mean cranium shape deformation from the
age of 2 to 3 years. The expansion factors at the landmarks
are shown with colors; C) A thin-plate spline demonstrating the
mean cranium shape deformation from the age of 3 to 4 years.
The expansion factors at the landmarks are shown with colors.

Corpus callosum

Table 1. Definitions of landmarks used in the present study.

Cranium

1 Anterior point of cc Frontmost point of the craium
The point at which the line that
2 Interior notch of the splenium 'zI::S:eSg:LZL;,g:/::cirw:E?rr:V\?:
from landmark 1 to landmark 3
3 Inferior tip of the splenium Coronal suture
4 Posterior-most point of the CC Lambdoid suture
5 Top most point of the splenium Backmost point of the cranium
6 Top most point of the CC Lambdoid suture
7 Posterior angle of the genu Coronal suture
The point at which the line that
8 Pl 473 f 4 passes through the midpoint of

the segment, which was drawn
from landmark 1 to landmark 7

The point at which the line that passes
through landmark 7, is perpendicular to the
9 segment, which was drawn from landmark
1 to landmark 7, and cuts the upper bound
of the CC

The point at which the line that passes
through landmark 6, is perpendicular to the
10 segment, which was drawn from landmark
5 to landmark 6, and cuts the lower bound
of the CC

The point at which the line that passes
through the midpoint of the segment, which
11 was drawn from landmark 5 to landmark 6, is
perpendicular to this segment, and cuts the
upper bound of the CC
The point at which the line that passes
through the midpoint of the segment, which
12 was drawn from landmark 6 to landmark 9, is
perpendicular to this segment, and cuts the
lower bound of the CC
The point at which the line that passes
through the midpoint of the segment, which
13 was drawn from landmark 6 to landmark 9, is
perpendicular to this segment, and cuts the
upper bound of the CC

The point at which the line that passes
through the midpoint of the segment, which
14 was drawn from landmark 7 to landmark 12,
is perpendicular to this segment, and cuts the
lower bound of the CC
The point at which the line that passes
through landmark 7 and the midpoint of the
15 segment, which was drawn from landmark
1 to landmark 8, and cuts the left boundary
of the CC
The point at which the line that passes
through landmark 11 and the midpoint of the
16 segment, which was drawn from landmark
2 to landmark 10, and cuts the lower bound
of the CC

characterized by widening in the dark red region and narrowing
in the dark blue regions.

The average cranium shapes of the age groups are presented
in Figure 2. In the analyses performed between consecutive
age groups, the cranium shapes differed between 1-year-
old and 2-year-old groups, 2-year-old and 3-year-old groups,
and 3-year-old and 4-year-old groups (p<0.001, p=0.047, and
p<0.001, respectively). However, no significant differences in
this respect were observed between the 4-year-old and 5-year-
old groups (p=0.345).

TPS analysis was also performed using mean cranium shapes
of T1-year-old and two-year-old groups obtained from the
Procrustes analysis. The TPS graphic shows high deformations
in the shapes of the corpus callosum at the age of one to two
years (Figure 3).

Enlargement was observed in the dark red region, and narrowing
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in the dark blue regions, while the highest deformation was
found in the transition from one year to two years old. Figure 3
shows an enlargement in the dark red region and a narrowing
in the dark blue regions during the transition from 2 to 3 years
of age. In addition, Figure 3 shows an enlargement in the dark
red region and a narrowing in the dark blue regions as the age
increases from 3 to 4 years.

Discussion

In the present study, we aimed to investigate the association
between age and structural deformation of the corpus callosum
and cranium. We used the landmark-based geometrical
morphometric approach to evaluate these changes. Our
results showed significant changes in the corpus callosum and
cranium shapes with the increase in age. Further subregional
analyses revealed that the most prominent deformation was in
the posterior midbody, the corpus callosum region containing
callosal fibers that interconnect the somatosensory cortices.
The most significant deformation in the cranium was observed
in the biparietal area.

The relationship between brain morphology and function
has been extensively studied [12,13]. A recent MRI study has
determined the central sulcus’s relations, functional body
representations, and particular morphological features [14].
Sun et al. tested 252 right-handed subjects and confirmed a
perfect match between the central sulcus morphological “hand
knob” and the corresponding motor activation [15].

There is a more than 2-fold increase in the size of genu and
splenium of the corpus callosum in the first year after birth
[16]. While the growth of the genu is completed at the age of
5-6 years, the growth of the splenium and, consequently, the
corpus callosum continues until the age of 10-12 years. Garel
et al. reported that the genu expands more than the splenium
during early development, and the splenium expands more
during later development. They showed that the enlargement
of the corpus callosum occurs from anterior to posterior during
growth [17]. A later, longer-term expansion of the splenium
compared with genu may indicate greater myelination in the
splenial component [18].

Barkovich and Kjos performed an MRI study to evaluate the
corpus callosum morphology in 63 patients aged < 1 year and
found that it was uniformly thin without enlargements in the
genu and splenium during the first postnatal year [19].

In their cross-sectional study using MRI, Giedd et al. found more
age-related changes in the middle and posterior parts of the
corpus callosum (body, splenium) than in the anterior parts
(genu, rostrum) in individuals aged 4-18 years [20]. However,
they did not evaluate the corpus callosum developments in
children under < 4 years of age.

Therefore, they did not assess the period during which a
maximum expansion of the corpus callosum occurs after birth.
The corpus callosum enlarges together with the growth of the
cortex. In the early postnatal period, the maturation of the
corpus callosum progresses with the development of myelin,
especially at the splenium [21]. Myelination occurs from
posterior to anterior; therefore, the primary cortical areas are
connected to the isthmus and splenium. The body, genu, and
rostrum are associated with more anterior associative regions

[27].

Brain injury is associated with corpus callosum development
and neurodevelopmental outcomes in premature infants. It
reflects the severity of white matter injury and intraventricular
hemorrhage [22].

Corpus callosum is related to the language functions of the
splenium [6]. The splenium contains fibers projecting to primary
visual cortices among additional cortical targets [5]. Because
of this connectivity, splenium plays a vital role in orienting to
salient information during infancy and adulthood [23]. The
splenium may be a critical neurobiological region for emerging
language production due to its role in maintaining visual
orientation [24, 25]. The role of splenium in language has also
been investigated in dyslectic adults.

In this study, we observed differences between the 1-year-old
and 2-year-old groups with respect to corpus callosum shape.
The rapid enlargement in the genu part of the corpus callosum
during this period may be associated with infants’ acquisition of
speech ability. However, it is unclear whether learning to speak
causes an enlargement in these fibers or whether enlargement
in the fibers enables the acquisition of speaking ability.

Many researchers have compared the changes in corpus
callosum structure between males and females; however, in
this study, there were no significant between-group differences
concerning gender distribution [16]. Assessment of sex-based
differences was beyond the scope of this study

The head circumference has been shown to correlate with brain
growth and brain volume. Head circumference measurements
were associated with brain tissue volumes on MRI and
neurocognitive outcomes in preterm infants compared with
a head circumference at term equivalent age. MRI studies
have also shown decreased fractional anisotropy in the
splenium in premature infants with neurodevelopmental delay.
A 3-dimensional study examining the growth of the cranium
identified a non-uniform growth pattern. In our study, the
diameter of the cranium increased up to 4 years old, which
is consistent with the literature; however, this increase was
not found to be uniform, especially in the biparietal areas.
This suggests that the relationship established between skull
diameter and neural development in the literature may not be
entirely correct and that other factors may also affect neural
development.

Limitation

We did not examine the sex-based differences in this study.
Conclusion

This study found that the growth in the skull and the
development in the corpus callosum are not similar and that the
development in the corpus callosum may be a better indicator
of neural development than skull enlargement. More extensive
studies, including clinical and radiological data, are required to
understand this issue better.
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